Organometal halide perovskite nanocrystals hold vast potential for application in photovoltaics, light emitting diodes, low-threshold lasers, and photodetectors due to their size-tunable bandgap energies and photoluminescence as well as excellent electron and hole mobilities. However, the synthesis of such nanocrystals typically suffers from poor structural stability in solution and the coexistence of lamellate nanocrystals (nanoplatelets) and spherical nanocrystals (nanoparticles). Here we show that the pure nanoparticle morphology of CH 3 NH 3 PbBr 3 nanocrystals can be realized by employing lead oleate (Pb(C 17 H 33 COO) 2 ) as the sole lead source and controlled using short-and long-chain mixed alkyl ammonium. These nanocrystals are monodispersed (2.2 AE 0.4 nm in diameter), highly fluorescent (with a quantum yield approaching 85%), and highly stable in the solution (for more than 30 days).
Introduction
Organolead halide perovskites (OHP) are intensively researched for photovoltaics because of their high light conversion efficiency, 1,2 optimal bandgap energy 3,4 and excellent electron and hole mobilities. 5, 6 These compounds, possessing a general formula of APbX 3 crystal structure (A ¼ organic ammonium cation and X ¼ halide anion), have been applied to solar cells and led to a breakthrough performance in photovoltaic power conversion efficiencies from 3.1% (ref. 8 ) in 2009 to a certied 22.7% now. 9 In addition to solar energy harvesting, the sizetunable bandgap energies and photoluminescence (PL) from perovskite materials also evoke the exploration of their potential uses as emission materials by decreasing the particle size to nanocrystals (NCs). With nanoscaled size, OHP NCs have sharp excitonic features, which provide a synthetically tunable system for systematic investigations of the nature and dynamics of the excited states of OHP. 10 In the 1990s, Papavassiliou et al. systematically investigated the structure, optical and other related properties of OHP NCs, 11, 12 in which the high photoluminescence quantum yield (PLQY) and large exciton binding energy offered interesting opportunities for application in eld-effect transistors (FET) and light emitting diodes (LEDs).
13,14
In 2014, OHP NCs captured the attention of researchers again when Schmidt et al. 15 synthesized 6 nm-sized CH 3 NH 3 -PbBr 3 perovskite NCs via a simple solution process. In their experiments, lead bromide (PbBr 2 ), methylammonium bromide (MABr) and octylammonium bromide (OABr) were added to a stirring solution of oleic acid (OLA) and 1-octadecene (ODE) at 80 C and the reaction was quenched by injecting acetone quickly. It is believed that the long alkyl chain cations acted as the capping ligands of the NCs to restrict the growth of the CH 3 NH 3 PbBr 3 array extending in three dimensions. Subsequent research found that two-dimensional nanoplatelets of organolead bromide perovskites coexisted with nanoparticles in the synthesis. 16 Later on, a large number of experiments based on the solution process were carried out and these OHP NCs with higher PLQY were applied to novel optical devices. [17] [18] [19] [20] However, these OHP NCs are unstable in solution and the structures are heterogeneous, 21 with different crystal shapes including nanoparticles and nanoplatelets coexisting as mixtures. Light emitting devices require phosphors with high PLQY and narrow-band emissions. 22 The coexistence of CH 3 -NH 3 PbBr 3 nanoplatelets and nanoparticles hampers applications in practical optical devices because they behave different PL emission peaks and PLQY. From a synthetic point of view, when using inorganic PbBr 2 as the lead precursor, CH 3 NH 3 -PbBr 3 nanoplatelets will form by intercalation of guest organic moieties between the Pb-Br-Pb layers of the crystalline PbBr 2 host, 23 implying that the formation of CH 3 NH 3 PbBr 3 nanoplatelets would be suppressed if PbBr 2 is replaced by other precursors as lead sources.
In the present work, we developed a facile method to synthesize monodispersive and stable CH 3 
Synthesis of Pb-oleate
The reaction was performed on a Schlenk line using standard air-free techniques. In a typical synthesis, 3 mmol PbO, 7.5 mmol OLA and 30 mL ODE were mixed in a 150 mL ask, and then heated to 120 C for 1 h under vacuum to obtain a clear solution, followed by natural cooling to the ambient temperature under N 2 blow protection. The solution was then quenched using acetone and the precipitates were redispersed in toluene to a concentration of 0.4 mol L À1 . The precursor solution was prepared by mixing the Pb-oleatetoluene solution (4 mmol) and the alkyl ammonium bromides (4 mmol) with an OA + : MA + ratio of 4 : 6. To obtain the desired pure perovskite nanoparticles, the precursor solution was added into 10 mL toluene quickly under vigorous stirring at 80 C. Aer centrifugation at 7000 rpm for 10 min to discard the precipitates, a bright green suspension was obtained, which was ltered using a polytetrauoroethylene (PTFF) syringe lter (pore size 0.45 mm). Finally, there was nearly 100% chemical yield of the small CH 3 NH 3 PbBr 3 perovskite nanoparticles using Pb-oleate as sole lead source and an OA + : MA + ratio of 4 : 6.
Synthesis
It is noted that the above-mentioned synthesis of CH 3 NH 3 -PbBr 3 nanoparticles can be scaled up. In addition, if only the two DMF solutions of PbBr 2 and MABr in 1 : 1 ratio were employed in the absence of any ligands in the synthesis system and then dropped into 10 mL of anhydrous toluene under vigorous stirring, CH 3 NH 3 PbBr 3 would precipitate out as bulk crystals.
Characterization of CH 3 NH 3 PbBr 3 NCs
The UV-vis absorption was recorded using UV-3600 plus of Shimadzu corporation and PL emission was collected in air using F-280 of Tianjin Gangdong Science & Technology Co. Ltd. Relative quantum yield measurements were taken using a 0.5 mol L À1 quinine sulphate as a reference and exciting at 336 nm. CH 3 -NH 3 PbBr 3 NCs samples in toluene were deposited on amorphous carbon-coated copper grids, and the morphology of the samples was investigated using an FEI Tecnai G2 20 or a JEM 2100 TEM operating at 200 kV for images of transmission electron microscopy (TEM). The solid colloidal NCs were obtained by fast evaporating the toluene on a hot plate at 80 C. The X-ray diffraction (XRD) patterns were obtained on X'Pert PROX-ray diffractometer from PANalytical B.V. equipped with Cu K a radiation. The samples were scanned from 5 < 2q < 50 in 5 min.
PLQY was calculated by the following formula:
where h P and h Q represent PLQY of CH 3 NH 3 PbBr 3 NCs and quinine sulfate, while S P and S Q represent the photoluminescence integral area of CH 3 NH 3 PbBr 3 NCs and quinine sulfate, respectively.
Result and discussion
To investigate the impact of lead sources and ligand on the structure of produced CH 3 NH 3 PbBr 3 NCs, we used Pb-oleate, PbBr 2 + Pb-oleate, and PbBr 2 + OLA in the precursors with an xed OA + : MA + ratio of 4 : 6, and the morphology of the synthesized CH 3 NH 3 PbBr 3 NCs were rst examined by TEM with an average diameter of 2.2 nm and a deviation of AE0.4 nm (Fig. 1d) . High-resolution TEM image in Fig. 1b revealed that these nanoparticles are crystalline with a measured d-spacing of 2.6Å. Together with the corresponding FFT pattern as shown in Fig. 1c , the exposing crystal facet was determined as (210). On the contrary, if PbBr 2 together with Pb-oleate was used as lead sources, the synthesized perovskite NCs showed a mixture of nanoparticles and nanoplatelets (Fig. 1e) . When Pb-oleate was used as sole lead source and ligand in the reaction, the resulting perovskite NCs showed a monodispersed nanoparticle structure (Fig. 1a) . Obviously, the use of inorganic lead source (PbBr 2 ) promoted the growth of CH 3 NH 3 PbBr 3 NCs in the nanoplatelet formation with larger size than nanoparticles, possibly due to less amount of size-conning organo attachments at the crystal edges. As an additional control, PbBr 2 + OLA was also utilized as the lead source and ligand in the precursors, however the , which corresponds to an average spacing of $2.1 nm between the layers in these nanoplatelets. 24, 25 The observation of higher order peaks also testied that CH 3 NH 3 PbBr 3 nanoplatelets are well crystallized. Due to much larger size of nanoplatelet than nanoparticles as revealed previous in the TEM image (Fig. 1e) , the diffraction peaks from nanoplatelets in this sample were so dominating that any peaks from nanoparticles were almost negligible. With PbBr 2 + OLA as lead source and ligand, the series layered diffraction peaks of CH 3 -NH 3 PbBr 3 nanoplatelets were absent while the diffraction peaks of bulk unit cell became preeminent, indicating that large-sized and crystalline CH 3 NH 3 PbBr 3 nanoparticles were formed. When Pb-oleate was used both as sole lead source and ligand, the diffraction peak positions from the nanoparticles showed up and correlated well with the bulk CH 3 NH 3 PbBr 3 with a much broader peak width, verifying the nanoparticle structure with ultra-small size in the sample. Also, the absence of series layered diffraction peaks from nanoplatelets indicates the high purity of CH 3 NH 3 PbBr 3 NCs in the nanoparticle structure. A summary of XRD peaks and calculated d-space of the assynthesized CH 3 NH 3 PbBr 3 NCs from Pb-oleate and its comparison to bulk CH 3 NH 3 PbBr 3 is shown in Table S1 . † With their distinct structure and morphology, these CH 3 -NH 3 PbBr 3 NCs synthesized from different precursors also presented different optical properties (Fig. 3) . The CH 3 NH 3 PbBr 3 NCs from OLA + PbBr 2 showed a dominated absorption peak at 396 nm and a small shoulder peak at 431 nm, corresponding to mono-and bi-layer CH 3 NH 3 PbBr 3 nanoplatelets (Fig. 3a) .
11 When changing to Pb-oleate + PbBr 2 , the peak at 431 nm for bi-layer CH 3 NH 3 PbBr 3 nanoplatelet became stronger, along with the appearance of an absorption peak from nanoparticles at around 520 nm as indicated by the orange arrow in Fig. 3a . Here, the higher absorption energy of nanoplatelets than nanoparticles is because of larger exciton binding energy. 11, 19, 26 As for Pb-oleate, the absorption peaks from nanoplatelets were disappeared, but the peak from nanoparticles remained, demonstrating again the pure nanoparticle morphology in this sample. PL emissions provide further evidence as shown in Fig. 3b . CH 3 NH 3 PbBr 3 NCs from OLA + PbBr 2 presented only peaks at 442 and 476 nm representing bi-and four-layer CH 3 NH 3 PbBr 3 nanoplatelets, 11 while CH 3 NH 3 PbBr 3 NCs from Pb-oleate + PbBr 2 showed both nanoplatelet peak at 434 nm and nanoparticle peak at 529 nm. As a comparison, the use of Pb-oleate as sole lead source resulted in only nanoparticle emission at 520 nm with no emissions from nanoplatelets. A picture of three solutions under UV 365 nm laser illumination was provided in Fig. 3c . The green colour in the samples synthesized from Pb-oleate and PbBr 2 + Pb-oleate clearly indicated the existence of CH 3 NH 3 PbBr 3 nanoparticles, in contrast with the one from PbBr 2 + OLA showing the blue colour. It is also worth noting that PLQY of CH 3 NH 3 PbBr 3 NCs from Pboleate as sole lead source were enhanced a factor of 2 and 4.3, respectively, compared to those from PbBr 2 + Pb-oleate and PbBr 2 + OLA, leading to an improved overall PLQY to 85% (Fig. 3d) . Other than the type of lead sources, the amount of them also played an important role in determining the optical properties of CH 3 NH 3 PbBr 3 NCs. When changing the amount of Pb-oleate from 4 mmol, which is equivalent to the total amount of alkyl ammonium halides (OA + plus MA + ), to less (2 mmol) or more (7 mmol), the absorption as well as PL emission from CH 3 NH 3 -PbBr 3 nanoparticles were signicantly weakened (Fig. S1 †) , indicating the lower quality of the produced perovskite NCs. To further investigate the growth mechanism of CH 3 NH 3 -PbBr 3 NCs and control the morphology (nanoparticles or nanoplatelets), the ratios of long-and short-chain alkyl ammonium halides ( (Fig. 4a) , indicating that the formation of nanoplatelets was dominated. With increasing percentage of OA + to 50% (OA + : MA + ratio of 5 : 5), the absorption peak of nanoplatelets quickly decreased to be negligible, and that of nanoparticles became noticeable, demonstrating the more favorable formation of nanoparticle structure. At increasing OA + , the absorption peak of nanoplatelets reappears along with the decrease of nanoparticle absorption. Similar trends were also observed in PL emission as shown in Fig. 4b , where the nanoplatelet PL peak at around 440 nm followed by a U-shape with varying OA + : MA + ratios from 1 : 9 to 9 : 1. On the contrary, the nanoparticle PL (around 525 nm) peaks evolved in the opposite tendency, with lower intensity at larger OA + : MA + amount differences and higher intensity at even amount of OA + : MA + . Interestingly, the overall PLQY of the solution followed the same tendency with nanoparticle PL intensity (Fig. 4d) . Highest PLQY of 85% was achieved at an OA + : MA + ratio of 4 : 6 when PL peak intensity from nanoplatelets was the lowest and PL peak intensity from nanoparticles was the highest, again proving that the growth of CH 3 NH 3 PbBr 3 nanoplatelets needs to be suppressed in order to obtain the high PLQY. These PLQY values are consistent with previous reported on two-dimensional layered OHP NCs 27 and monodisperse OHP nanoparticles 28 obtained through different synthesis methods.
The growth mechanism of CH 3 NH 3 PbBr 3 NCs can be revealed by the schematic overview in Scheme 1. Generally speaking, during the growth of CH 3 NH 3 PbBr 3 NCs with both short-chain methylammonium (MA + ) and long-chain octylammonium (OA + ), the small MA + ts in the centre of eight PbBr 6 corner-shared octahedral, while the large OA + ts only the periphery of a set of four PbBr 6 octahedral in the formation of CH 3 NH 3 PbBr 3 NCs because of steric effects. 24, 29, 30 An interesting phenomenon aroused when a mixture of short and long organic cations was employed. While the small MA + entering the centre of PbBr 6 corner-shared octahedral tends to comfort the threedimensional (3D) bulk perovskite structure, the long-chain cations (for example OA + ) occupying the position of the small MA + makes the 3D perovskite structure unsuitable and thus it breaks up into smaller sized perovskite NCs. When using inorganic PbBr 2 as the lead precursor, CH 3 NH 3 PbBr 3 NCs (including nanoparticles and nanoplatelets) will form by intercalation of the small MA + and large OA + between the Pb-Br-Pb layers of the crystalline PbBr 2 host (Scheme 1a). However, using Pb-oleate as sole lead source, PbBr 6 corner-shared octahedral, provided bromide source by alkylammonium bromide, are formed rstly, and then are assembled to OHP NCs which are capped with the ligands of fatty acid (Scheme 1b). If the ratios of long-and short-chain alkyl ammonium halides are suitable, the growth of nanoplatelets would be essentially suppressed, generating pure CH 3 NH 3 PbBr 3 nanoparticles with enhanced optical properties. (Fig. 1) . The emission colours of different species under 365 nm laser illumination were illustrated in Fig. 4c . Considering all factors, the optimal growth conditions for monodispersed CH 3 NH 3 PbBr 3 NCs were determined using Pb-oleate as sole lead source and an OA + : MA + ratio of 4 : 6, from which highly uorescent CH 3 -NH 3 PbBr 3 nanoparticles could be synthesized as the potential phosphors in LEDs.
We further studied the impact of alkyl ammonium halides on the formation of CH 3 NH 3 PbBr 3 perovskite NCs using PbBr 2 and Pb-oleate as lead sources. As shown in Fig. 5a and b, in general the absorption and emission peaks from nanoparticles at around 520 nm followed similar trends when using Pb-oleate as sole lead source in which the intensity increased rst and then decreased along with increasing OA + : MA + ratios. This indicated that an even OA + /MA + amount would promote the growth of perovskite NCs in nanoparticle formation even with PbBr 2 as lead source. Although the exact position of absorption peak from nanoparticles was hard to be recognized, the blueshiing effect was clearly observed as indicated by the red dashed arrow in Fig. 5a . Similarly, PL emission position of nanoparticles was blue-shied from 528 nm at the OA + : MA + ratio of 1 : 9 to 507 nm at the OA + : MA + ratio of 9 : 1 (Fig. 5d) , again demonstrating the enhanced quantum connement effect due to the increasing amount of long-chain OA + . As for the absorption from nanoplatelets, while the intensity of the peak at around 430 nm from bi-layer nanoplatelets followed a decreasing trend, a new peak at 396 nm originated from monolayer nanoplatelets started to appear at OA + : MA + ratio of 4 : 6 and continued to increase with increasing OA + amount (Fig. 5c) . Apparently, when PbBr 2 was used as lead source, nanoplatelets were always formed with varying OA + : MA + ratios, and more OA + tended to promote the growth of nanoplatelets with fewer layers. This is in agreement with the assumption that long-chain ammonium halide will cause the size reduction of perovskite NCs. For mono-and bi-layer nanoplatelets, their absorption peak positions kept generally constant in each sample (Fig. 5c) , which indicates the thickness of these nanoplatelets was essentially unchanged. Interestingly, even though the absorption intensity from monolayer nanoplatelets was in dominance at higher OA + : MA + ratios, its corresponding PL emission at 403 nm was almost absent in these samples. It reveals that the monolayer nanoplatelets contribute much less to the overall PLQY of perovskite NCs. Tyagi et al. observed similar phenomenon that the absorbed energy downhill transferred from the blue-emitting monolayer nanoplatelets to the red-emitting thicker nanoplatelets. 16 Manser et al. suggested that the dominant relaxation pathway is recombination of free electrons and holes via femtosecond transient absorption spectroscopy measurements. 31 The recombination of thinner nanoplatelets with its inherently high surface to volume ratio will be lower because of exceptional sensitivity to surface defects. 31 Moreover, at an OA + : MA + ratio of 9 : 1, multiple absorption and PL emission peaks can be resolved and assigned to different number of nanoplatelet layers from 1 to 5 (Fig. S3 †) , a n represents the number of layers of nanoplatelets. When n approaches to N, the corresponding structure changes to nanoparticle formation.
which is in agreement with reported values from ref. 12 ( Table  1 ). The only absent emission peak of the tri-layer nanoplatelets may be due to interference by the adjacent strong peaks. 
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